(1) the dI/dV spectra measured at 77 K show multipeak features; (2) the observed dI/dV spectra agree well with the reported optical measurements;
Two-dimensional (2D) materials are the state-of-the-art materials for the paramount goal of engineering in the 21 st century -minimizing electronic devices toward the atomic level [1] [2] [3] [4] [5] .
Starting from 2004, the realization of monolayer graphene 1 led to the explosive explorations of various 2D materials. This expands to the entire spectrum of material categories, ranging from insulators, semiconductors, semimetals, metals, to superconductors [1] [2] [3] [4] [5] . In 2017, two groups independently demonstrated stable magnetic ordering in 2D materials (CrI3 and Cr2Ge2Te6) 6, 7 , adding the 2D ferromagnetism as a new member of the 2D material family.
Magnetic and optical properties of CrX3 (X = Cl, Br, and I) have been studied since 1960s [8] [9] [10] . Previous reports have shown that the magnetic transition temperatures of CrCl3,
CrBr3 and CrI3 are 16.8 K, 32.5 K, and 68 K, respectively 11, 12 . Bulk CrBr3 has a saturated magnetization of ~3 per Cr 3+ ion [12] [13] [14] and has been confirmed to have ferromagnetic ordering at its monolayer limit 15, 16 . Different optical properties, including absorption, reflectance, photoluminescence (PL) and Kerr rotations, exhibit many specific optical transition energies. For examples, CrBr3 shows positive and negative Kerr rotation peaks at 23,500 cm -1 and 26,700 cm -1 , which were assigned to charge transfer (CT) transitions of electrons between Cr and Br atoms in the crystal 17 . Absorption spectrum measured on CrBr3 shows peaks corresponding to 13,500 30, 31 . Thus, a direct comparison with the experimental measurements is needed. Here, by utilizing scanning tunneling microscopy and spectroscopy (STM/S), the electronic DOS of the exfoliated CrBr3 flakes are reported. A few main observations/conclusions are made: (1) the dI/dV spectra measured at 77 K show multipeak features; (2) the observed dI/dV spectra agree well with the reported optical measurements; (3) the edge degradation is observed; and (4) DFT calculated DOS agrees with the peak features in the measured dI/dV, except two small peaks near the Fermi energy.
Experiments
DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP) with the Projector-Augmented Wave (PAW) pseudopotentials. Positions of atoms were calculated using a conjugate gradient algorithm, with cell shape and volume as well as atom positions allowed to change. DOS for bulk and monolayer lattices were calculated. The energy cutoff was set to 500 eV and the criteria for energy convergence was set to be 10 −6 eV. Van der Waals (vdW) correction was considered by DFT-D3 method. A vacuum space of 30 Å was adopted in monolayer case. Spin-orbit interaction was taken into consideration, and both the ferromagnetic and paramagnetic ordering were applied.
Results and Discussions
CrBr3 has a layered structure formed by van der Waals force with high in-plane stiffness making it easier to exfoliate into 2D layers 32 . The CrBr3 flakes were exfoliated and transferred onto a highly oriented pyrolytic graphite (HOPG) substrates 1 . Figure 1 On the other hand, dI/dV spectra taken at T = 77 K with different bias ranges (± 0.8 V, ± 1 V, ± 2 V and ± 3 V with higher sensitivity setting in lock-in amplifier for smaller bias range measurements) are shown in Fig. 2 (c). These multi-peak features are further confirmed with the derivative of the measured I-V curve shown in Fig. 2(d) . All the peaks in the measured dI/dV curves are consistent with the derivative of the measured I-V curves. The nine observed peaks are labeled with numbers, 1-4, and letters, a-e, for peaks in the conduction and valence bands, respectively. It is worth noting that the dI/dV showed two small peaks near Fermi energy (peak "1" (0.25 ± 0.03 eV) and peak "a" (− 0.32 ± 0.02 eV)). This makes the energy gap, the energy difference between peak 1 and peak a, equal to 0.57 ± 0.04 eV. This is much smaller than the reported optical energy gap (~1.8−2.1 eV 19, 24, 25 ) of the CrBr3. This indicates that the transition between peaks "1" and "a" is optically forbidden. Interestingly, these two peaks are not reproduced in the calculated DOS.
With these resolved peaks in the dI/dV spectra of CrBr3, the reported optical measurements can be matched to certain conduction-valence band peak pairs. The peak positions are analyzed from a total of eight measured dI/dV spectra and the results are shown in a histogram in Fig. S3 (b) and summarized in Table 1 . Table S1 shows the energy differences of all possible conduction-valence band peak pairs. And finally, Table 2 lists the reported low temperature optical measurements, including PL 22 , absorption [17] [18] [19] [20] [21] Kerr rotation 17, 34 , reflection 23 , and dielectric measurements 17 , and compared with the conduction-valence band peak pairs from Table S1 . It is clear from Table 2 that all the reported optical transition energies are matched with certain measured dI/dV conduction-valence band peak pairs. The extremely good agreements between the reported optical transition energies and the measured dI/dV conductionvalence band peak pairs indicate that the measured dI/dV is closely representing the CrBr3 electronic DOS, including the two small peaks near zero bias (peak 1 and a) . Figure 3 shows the DFT calculated DOS of the CrBr3 with the crystal structure shown in Fig.   2 (a). Two magnetic phases are considered, ferromagnetic (FM) and paramagnetic (PM). First, it is found that the DOS for the two phases are very similar (roughly the same energy gaps) with a small difference at the conduction band side and they qualitatively agree with the dI/dV spectra shown in Fig. 2(c) . This similarity explains why the comparison between our dI/dV spectra measured at 77 K agrees well with the reported optical transitions measured at much lower temperature (see Table 2 ). Second, the calculated DOS agrees qualitatively with the dI/dV spectra ( Fig. 2(c) ). However, the peaks "1" and "a" in the dI/dV spectrum are not reproduced in the DFT calculated DOS (Fig. 3) . The calculated DOS in literature also does not show any sign of these two peaks. This discrepancy is directly related to the energy gap value of the CrBr3. The energy gap in the DFT calculated DOS (Fig. 3 ) is 1.4 -1.5 eV, much higher than the energy gap (0.57 eV) revealed in the dI/dV spectrum ( Fig. 2(c) ). The reported DFT calculated DOS exhibit the energy gap in the range of 1.15 eV -2.7 eV [30] [31] [32] 35 and with various overall shape of DOS, as summarized in Fig. S4 . The differences in the DOS among different calculated results originate from the different settings. However, the differences compared to the dI/dV spectra shown here infer that there might be some interesting mechanisms not captured by any of these reported DFT calculations. Thus, the results here call for more exploration of the DOS calculations.
Next, let's move our attention to the CrBr3 monolayer. Figures 4 (a) and (b) show the topography and dI/dV mapping of a CrBr3 monolayer measured at 77 K. The clear dI/dV contrast ( Fig. 4(b) ) unambiguously distinguishes the substrate HOPG and the CrBr3 monolayer flake. The dI/dV spectrum (Fig. 4(c) ) measured on the CrBr3 monolayer exhibits a similar shape as the dI/dV spectrum measured on HOPG (Fig. S2(d) ) with additional humps in the positive bias side matching the measured peaks on the bulk CrBr3 dI/dV spectrum ( Fig. 2(c) ). We believe that the combined spectral features are due to the interactions between the monolayer CrBr3 and the underneath HOPG layer. This observation further confirms that the STM measurements on CrBr3 are sensitive to the second layer materials.
The monolayer thickness is confirmed and measured by the line profile across the substrate (HOPG) and the monolayer flake (Fig. 4(d) ) as ~4.8 Å, which is smaller than the step height (5.9 Å) found in the bulk region ( Fig. 1(d) ). This smaller apparent height is most likely due to the electronic contrast between the CrBr3 and HOPG. As the HOPG is more conductive than CrBr3, under the constant current scanning mode, the tip-sample distance will be smaller for tip-CrBr3 compared to the tip-HOPG case, which leads to ~1 Å lower apparent height. On the CrBr3 monolayer flake, there are a few small islands, which are the second layer CrBr3, judged by the similar dI/dV contrast. The height of the second layer on top of the CrBr3 monolayer is measured to be 3.8 Å (Fig. 4(e) ), which is even smaller than the monolayer case (4.8 Å). We believe this is because of the incomplete CrBr3 second layer due to the edge degradation and the small island size. The round shape, instead of flat top shape, topography profile (Fig. 4(e) ) is a clear evidence of this. The degradation, due to the short air exposure prior to the loading into the UHV chamber, is also clearly seen in Fig. 4(b) . The edge of the monolayer is curved and exhibits high dI/dV contrast with uniform lateral length scale of ~2.3 nm. Similar degradation is also observed at the edge of the second layer with ~1.5 nm lateral length scale. The smaller lateral length scale of the degradation in the second layer indicates either (i) the edge in the multilayer is relatively more stable than that of the monolayer edge; or (ii) the smaller lateral sizes of the second layer islands measured here limiting the degradation process.
Conclusions
Using STM/S, atomic resolution image and electronic properties of CrBr3 flakes have been explored. The electronic band gap of CrBr3 measured at 77 K is observed to be 0.57 ± 0.04 eV and it is argued that this energy gap may not be optically active. Atomic resolution image fits the bilayer structure, indicating the second layer crystal also has influences on the STM measurements. Same effects are observed for the monolayer on the HOPG substrate. Multiple peak features in dI/dV spectrum are observed at 77 K and match well with all the reported optical measurements of the CrBr3. The DOS calculated by DFT exhibits a band gap of 1.4−1.5 eV, which is much higher than the experimental energy gap (0.57 eV). This deviation is mainly due to the missing peaks (peaks "1" and "a") in the DFT calculations. Further investigation is needed to understand the origin of such discrepancy. All these observations provide solid information regarding the experimental electronic properties of the bulk and monolayer CrBr3. It can also be the basis of further understanding of the magnetic and optical properties of this material.
Methods
The magnetization measurement was carried out with a Quantum Design Physical Property Measurement System (PPMS) on a single crystal CrBr3 with a DC magnetic field of 500 Oe. CrBr3 has a layered structure formed by van der Waals force with high in-plane stiffness making it easier to exfoliate into 2D layers 32 . In this study, the "scotch-tape" method 1 DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP) with the Projector-Augmented Wave (PAW) pseudopotentials. Positions of atoms were calculated using a conjugate gradient algorithm, with cell shape and volume as well as atom positions allowed to change. DOS for bulk and monolayer lattices were calculated. The energy cutoff was set to 500 eV and the criteria for energy convergence was set to be 10 −6 eV. Van der Waals (vdW) correction was considered by DFT-D3 method. A vacuum space of 30 Å was adopted in monolayer case. Spin-orbit interaction was taken into consideration, and both the ferromagnetic and paramagnetic ordering were applied. Tables   Table 1 . Peak positions of the labeled peaks in Fig. 2(c) . Table 2 . Comparison between the energies of the reported optical transitions and the conductionvalence peak pairs.
